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Current	 bottom-up	 process	 models	 suggest	 that	 montane	 tropical	 ecosystems	 are	 weak	18	
atmospheric	sources	of	N2O,	although	recent	empirical	studies	from	the	southern	Peruvian	19	
Andes	 have	 challenged	 this	 idea.	 Here	 we	 report	 N2O	 flux	 from	 combined	 field	 and	20	
laboratory	 experiments	 that	 investigated	 the	 process-based	 controls	 on	 N2O	 flux	 from	21	
montane	ecosystems	 across	 a	 large	 elevation	 gradient	 (600-3700	m	a.s.l.)	 in	 the	 southern	22	
Peruvian	 Andes.	 Nitrous	 oxide	 flux	 and	 environmental	 variables	 were	 quantified	 in	 four	23	
major	 habitats	 (premontane	 forest,	 lower	 montane	 forest,	 upper	 montane	 forest	 and	24	
montane	grassland)	at	monthly	intervals	over	a	30-month	period	from	January	2011	to	June	25	
2013.	 The	 role	 of	 soil	moisture	 content	 in	 regulating	N2O	 flux	was	 investigated	 through	 a	26	
manipulative,	 laboratory-based	 15N-tracer	 experiment.	 The	 role	 of	 substrate	 availability	27	
(labile	organic	matter,	NO3-)	in	regulating	N2O	flux	was	examined	through	a	field-based	litter-28	
fall	manipulation	experiment	 and	 a	 laboratory-based	 15N-NO3-	addition	 study,	 respectively.	29	
Ecosystems	in	this	region	were	net	atmospheric	sources	of	N2O,	with	an	unweighted	mean	30	
flux	 of	 0.27	 ±	 0.07	 mg	 N-N2O	 m-2	 d-1.	 Weighted	 extrapolations,	 which	 accounted	 for	31	
differences	 in	 land	 surface	 area	 among	 habitats	 and	 variations	 in	 flux	 between	 seasons,	32	
predicted	 a	mean	 annual	 flux	 of	 1.27	 ±	 0.33	 kg	 N2O-N	 ha-1	year-1.	 Nitrous	 oxide	 flux	 was	33	
greatest	from	premontane	forest,	with	an	unweighted	mean	flux	of	0.75	±	0.18	mg	N-N2O	m-34	
2	d-1,	translating	to	a	weighted	annual	flux	of	0.66	±	0.16	kg	N2O-N	ha-1	year-1.	 	 In	contrast,	35	
N2O	 flux	was	 significantly	 lower	 in	 other	 habitats.	 The	 unweighted	mean	 fluxes	 for	 lower	36	
montane	forest,	montane	grasslands,	and	upper	montane	forest	were	0.46	±	0.24	mg	N-N2O	37	
m-2	d-1,	0.07	±	0.08	mg	N-N2O	m-2	d-1,	and	0.04	±	0.07	mg	N-N2O	m-2	d-1,	 respectively.	This	38	
corresponds	 to	weighted	 annual	 fluxes	of	 0.52	 ±	 0.27	 kg	N2O-N	ha-1	year-1,	 0.05	 ±	 0.06	 kg	39	
N2O-N	 ha-1	 year-1,	 and	 0.04	 ±	 0.07	 kg	 N2O-N	 ha-1	 year-1,	 respectively.	 Nitrous	 oxide	 flux	40	









30	 %	 WFPS.	 This	 trend	 in	 N2O	 flux	 suggests	 a	 complex	 relationship	 between	 WFPS	 and	49	
nitrate-reducing	 processes	 (i.e.	 denitrification,	 dissimilatory	 nitrate	 reduction	 to	50	
ammonium).	Changes	in	labile	organic	matter	inputs,	through	the	manipulation	of	leaf	litter-51	










half	 of	 all	 global	 N2O	 emissions	 (Hirsch	 et	 al.,	 2006;Huang	 et	 al.,	 2008;Kort	 et	 al.,	62	
2011;Nevison	 et	 al.,	 2007;Saikawa	 et	 al.,	 2014).	 The	 bulk	 of	 tropical	 N2O	 emissions	 come	63	
from	 terrestrial	 sources,	 with	 the	 largest	 emissions	 arising	 from	 agricultural	 land	 and	64	




the	 sub-continental	 scale,	 is	 much	 more	 limited,	 due	 to	 the	 constraints	 imposed	 by	 the	69	
spatial	 distribution	 of	 existing	 atmospheric	 sampling	 networks	 and	 ground-based,	70	
ecosystem-scale	 sampling	 efforts	 (Kort	 et	 al.,	 2011;Nevison	 et	 al.,	 2004;Nevison	 et	 al.,	71	
2007;Saikawa	et	al.,	2014).		72	
	73	
In	 order	 to	 predict	 and	 model	 N2O	 flux	 at	 these	 smaller	 (sub-continental)	 spatial	 scales,	74	
bottom-up	 emissions	 inventories	 or	 process-based	models	 are	 often	 used,	with	 emissions	75	
estimates	constrained	by	empirical	measurements	(Werner	et	al.,	2007;Li	et	al.,	2000;Potter	76	
et	 al.,	 1996;Saikawa	 et	 al.,	 2013).	However,	 these	models	 are	 only	 as	 reliable	 as	 the	 data	77	
used	 to	 parameterize	 them;	 as	 a	 consequence,	 ecosystems	 that	 are	 under-represented	 in	78	
the	 empirical	 literature	 or	which	 are	 poorly	 understood	may	 be	modelled	 less	 accurately,	79	
with	 knock-on	effects	 for	 larger-scale	emissions	estimates	 (Saikawa	et	 al.,	 2013;Teh	et	 al.,	80	
4		
2014;Werner	 et	 al.,	 2007).	 Nitrous	 oxide	 dynamics	 in	 montane	 tropical	 ecosystems	 are	81	
particularly	 poorly	 understood,	 because	 past	 research	 has	 concentrated	 on	N2O	 flux	 from	82	
lowland	 tierra	 firme	 forests	 (Saikawa	 et	 al.,	 2013;Teh	 et	 al.,	 2014;Werner	 et	 al.,	 2007).	83	
Montane	ecosystems,	however,	are	important	components	of	many	tropical	landscapes,	and	84	
account	 for	 a	 sizeable	 land	 area.	 For	 example,	 in	 continental	 South	 America,	 montane	85	
ecosystems	(>500	m	a.s.l.)	cover	more	than	8	%	of	 the	 land	surface	 (Eva	et	al.,	2004),	and	86	
play	 key	 roles	 in	 regional	 carbon	 (C),	 nitrogen	 (N),	 and	 greenhouse	 gas	 (GHG)	 dynamics	87	
(Girardin	et	al.,	2010;Moser	et	al.,	2011;Teh	et	al.,	2014;Wolf	et	al.,	2012;Wolf	et	al.,	2011).	88	
Process-based	models	 predict	 that	 N2O	 flux	 from	 these	montane	 environments	 are	 lower	89	




some	 instances,	 N2O	 flux	 from	montane	 ecosystems	 can	 in	 fact	 approach	 emissions	 from	94	









process	 models	 (Teh	 et	 al.,	 2014).	 In	 particular,	 lower	 elevation	 premontane	 and	 lower	104	
montane	 forests,	 which	 account	 for	 the	majority	 of	 the	 land	 area	 in	 this	 region	 (~54	%),	105	
showed	emission	rates	that	are	on	par	with	 lowland	tropical	 forests,	suggesting	that	these	106	
ecosystems	 could	 be	 important	 contributors	 to	 regional	 atmospheric	 budgets	 (Teh	 et	 al.,	107	
2014).	Nitrous	oxide	flux	appeared	to	be	derived	from	nitrate	reduction	(i.e.	denitrification,	108	
dissimilatory	 nitrate	 reduction	 to	 ammonium),	 and	 was	 linked	 to	 seasonal	 variations	 in	109	
climate,	with	N2O	emissions	 increasing	during	the	dry	season	compared	to	the	wet	season	110	
(Teh	et	al.,	2014).	However,	contrary	to	theoretical	expectations	(Davidson,	1991;Firestone	111	






proxy	 for	 soil	 anaerobiosis	 –	normally	 fell	 above	 the	 theoretical	 threshold	where	N2O	 flux	117	
was	 constrained	 by	 the	 availability	 of	 anaerobic	 microsites	 (i.e.	 ~60	 %	 WFPS)	 in	 our	118	
preliminary	 dataset	 (Davidson,	 1991;Firestone	 and	 Davidson,	 1989;Groffman	 et	 al.,	119	
2009;Davidson	and	Verchot,	2000;Teh	et	al.,	2014).	Even	during	the	dry	season,	WFPS	rarely	120	
fell	 below	 this	 threshold	 value	 (Teh	 et	 al.,	 2014),	 allowing	other	 driving	 variables,	 such	 as	121	
nitrate	(NO3-),	to	play	a	more	dominant	role	in	regulating	N2O	flux	(Teh	et	al.,	2014).			122	
	123	
In	 the	work	 presented	 here,	 we	 extended	 our	 time	 series	 to	multi-annual	 time	 scales,	 in	124	
order	 to	 better	 understand	 the	 role	 of	 longer-term	 climatic	 variability	 in	modulating	 N2O	125	
flux.	 We	 also	 conducted	 a	 series	 of	 manipulative	 field	 and	 laboratory	 experiments	 to	126	
investigate	 the	mechanistic	 controls	 on	N2O	 flux	 in	 greater	 detail,	 and	 to	 test	 hypotheses	127	
raised	 by	 our	 earlier	 work	 (as	 described	 below)	 (Teh	 et	 al.,	 2014).	 Furthermore,	 these	128	
manipulative	 experiments	 were	 crucial	 in	 helping	 us	 interpret	 our	 time	 series	 of	 field	129	
observations,	 because	 prior	 research	 indicated	 that	 the	 relationship	 between	 individual	130	






H1. Enhanced	 N2O	 flux	 during	 the	 dry	 season	 (i.e.	 during	 periods	 of	 reduced	 soil	137	
moisture)	 is	 due	 to	 an	 increase	 in	 N2O	 flux	 from	 nitrification	 and	 reduced	 N2O	138	
reduction	during	denitrification	139	
H2. N2O	 flux	 is	 poorly	 correlated	 with	 soil	 water-filled	 pore	 space	 in	 situ	 because	 soil	140	
moisture	content	does	not	normally	constrain	denitrification	under	field	conditions;	141	
however,	 N2O	 flux	 is	 closely	 correlated	 with	 water-filled	 pore	 space	 when	 soil	142	
moisture	content	is	more	limiting	for	denitrification	(i.e.	<60	%	WFPS)	143	
6		
H3. N2O	 flux	 increases	 proportionately	 with	 the	 availability	 of	 substrates	 for	144	
denitrification	(i.e.	NO3-,	labile	organic	matter)	145	
In	 order	 to	 address	 these	 three	 objectives	 and	 their	 attendant	 hypotheses,	we	 quantified	146	
N2O	 flux	 and	 environmental	 variables	 from	 four	major	 habitat	 types	 (premontane	 forest,	147	
lower	montane	forest,	upper	montane	forest	and	montane	grassland)	at	monthly	 intervals	148	




in	 supplying	 not	 only	 the	 reducing	 equivalents	 for	 nitrate	 reduction,	 but	 also	 indirectly	153	
providing	 inorganic	 N	 for	 ammonia	 oxidation	 and	 nitrate	 reduction	 via	 N	 mineralization	154	







Manu	National	 Park,	 Peru	 (Figure	 1)	 (Malhi	 et	 al.,	 2010).	 This	 3.02	 x	 106	 ha	 (30,200	 km2)	162	
region	 has	 been	 the	 subject	 of	 intensive	 ecological,	 biogeochemical	 and	 climatological	163	
studies	 since	 2003	 by	 the	 Andes	 Biodiversity	 and	 Ecosystem	 Research	 Group	 (or,	 ABERG;	164	
http://www.andesconservation.org),	 and	 contains	 a	 series	 of	 long-term	 permanent	 plots	165	
across	 a	 200-3700	m	 above	 sea	 level	 (m	 a.s.l)	 elevation	 gradient	 that	 stretches	 from	 the	166	




across	 a	 gradient	 spanning	 600-3700	m	a.s.l.,	 including	premontane	 forest	 (600	 –	 1200	m	171	
a.s.l.;	n	=	3	plots),	lower	montane	forest	(1200	–	2200	m	a.s.l.;	n	=	3	plots),	upper	montane	172	
forest	(2200	–	3200	m	a.s.l.;	n	=	3	plots),	and	montane	grasslands	(3200	–	3700	m	a.s.l.;	n	=	4	173	
plots;	 colloquially	 referred	 to	 as	 “puna”)	 (Figure	 1).	 In	 premontane	 forest,	 sampling	 plots	174	
were	 established	 in	Hacienda	Villa	 Carmen,	 a	 3,065	 ha	 biological	 reserve	 operated	 by	 the	175	
7		
Amazon	 Conservation	 Association	 (ACA),	 containing	 a	 mixture	 of	 old-growth	 forest,	176	
secondary	 forest	 and	 agricultural	 plots	 (Teh	 et	 al.,	 2014).	 Sampling	 for	 soil	 gas	 flux	 was	177	
concentrated	 in	 the	 old-growth	 portions	 of	 the	 reserve.	 For	 lower	 montane	 and	 upper	178	
montane	 forests,	 sampling	 plots	 were	 established	 adjacent	 to	 or	 within	 existing	 1	 ha	179	
permanent	sampling	plots	established	by	ABERG	(Teh	et	al.,	2014).	Sampling	plots	were	also	180	
established	 in	montane	grasslands	 (Teh	et	al.,	2014).	To	capture	a	 representative	 range	of	181	










months	 of	 data	were	 collected	 for	 premontane	 forest,	with	 sampling	 commencing	 in	 July	192	
2011.	 Soil-atmosphere	 flux	 was	 collected	 monthly,	 except	 where	 flooding	 or	 landslides	193	





Soil-atmosphere	 flux	 of	 CH4,	 N2O	 and	 CO2	 were	 determined	 using	 a	 static	 flux	 chamber	199	
approach	 (Livingston	 and	 Hutchinson,	 1995),	 although	 only	 N2O	 flux	 is	 reported	 here.	200	





from	 root	mortality	 following	base	 emplacement	 (Varner	 et	 al.,	 2003).	 Chamber	 lids	were	206	
fitted	 with	 small	 computer	 case	 fans	 to	 promote	 even	mixing	 in	 the	 chamber	 headspace	207	
8		
(Pumpanen	et	al.,	2004).	Headspace	samples	were	collected	from	each	flux	chamber	over	a	208	
30-minute	 enclosure	 period,	 with	 samples	 collected	 at	 4	 discrete	 intervals,	 7.5	 minutes	209	
apart,	 using	 a	 gastight	 syringe.	 Gas	 samples	were	 stored	 in	 evacuated	 Exetainers®	 (Labco	210	
Ltd.,	Lampeter,	UK),	shipped	to	the	UK	by	courier,	and	subsequently	analysed	for	CH4,	N2O	211	
and	 CO2	 concentrations	 with	 a	 Thermo	 TRACE	 GC	 Ultra	 (Thermo	 Fisher	 Scientific	 Inc.,	212	
Waltham,	Massachusetts,	USA)	at	the	University	of	St	Andrews.	Chromatographic	separation	213	
was	 achieved	 using	 a	 Porapak-Q	 column,	 and	 analyte	 concentrations	 quantified	 using	 a	214	
flame	 ionization	 detector	 (FID)	 for	 CH4,	 electron	 capture	 detector	 (ECD)	 for	 N2O,	 and	215	
methanizer-FID	 for	 CO2.	 Instrumental	 precision	 was	 determined	 by	 repeated	 analysis	 of	216	
standards	and	was	better	than	5	%	for	all	detectors.		Gas	flux	rates	were	determined	using	217	
the	 R	HMR	package	 to	 plot	 best-fit	 lines	 to	 the	 data	 for	 headspace	 concentration	 against	218	
time	 for	 individual	 flux	 chambers	 (Pedersen	 et	 al.,	 2010;Team,	 2012).	 Gas	 mixing	 ratios	219	
(ppm)	were	converted	to	areal	flux	by	using	the	Ideal	Gas	Law	to	solve	for	the	quantity	of	gas	220	
in	 the	headspace	 (on	a	mole	or	mass	basis),	normalized	by	 the	surface	area	of	each	static	221	





soil	 moisture,	 soil	 oxygen	 content	 in	 the	 0-10	 cm	 depth,	 soil	 temperature,	 and	 air	227	
temperature	at	the	time	of	flux	sampling.	Volumetric	soil	moisture	content	was	determined	228	
using	portable	soil	moisture	probes	(ML2x	ThetaProbe,	Delta-T	Device	Ltd.,	Cambridge,	UK)	229	
inserted	 into	 the	 substrate	 immediately	 adjacent	 to	 each	 flux	 chamber	 (<5	 cm	 from	 each	230	
chamber	base;	depth	of	0-10	cm).	Soil	moisture	content	is	reported	here	as	water-filled	pore	231	
space	 (WFPS),	 and	 is	 calculated	using	 the	measurements	of	 volumetric	water	 content	and	232	
bulk	density	(Breuer	et	al.,	2000).	Soil	O2	concentration	was	determined	using	the	approach	233	
described	by	Teh	et	al.	(2014).	Soil	temperature	(0-10	cm	depth),	chamber	temperature	and	234	
air	 temperature	 was	 determined	 using	 type	 K	 thermocouples	 (Omega	 Engineering	 Ltd.,	235	
Manchester,	 UK).	 Data	 on	 aboveground	 litter-fall,	 meteorological	 variables	 (i.e.	236	
photosynthetically	active	radiation,	air	temperature,	relative	humidity,	rainfall,	wind	speed,	237	







onwards,	 ion	 exchange	 resin	 bags	 (n	 =	 15	 resin	 bags	 per	 elevation)	were	 deployed	 in	 the	244	
plant	 rooting	 zone	 (i.e.	 0-10	 cm	 depth	 in	 premontane	 forest,	 lower	 montane	 forest	 and	245	
montane	 grasslands;	 0-15	 cm	 in	 upper	 montane	 forest),	 following	 established	 protocols	246	





extracted	 using	 2	M	 KCl	 and	 concentrations	 determined	 colourimetrically	 using	 a	 Burkard	252	




We	 investigated	 the	 effects	 of	 WFPS	 on	 N2O	 flux	 derived	 from	 nitrate	 reduction	 or	257	
nitrification	 rates	 using	 a	 15N	 tracer	 experiment.	 Soil	 cores	 for	 all	 habitats	were	 collected	258	




3	controls	 for	each	WFPS	 for	a	 total	of	n	=	212;	see	Table	2).	Additional	de-ionized	water,	263	
containing	the	15N	tracers,	was	subsequently	added	gravimetrically	to	raise	WFPS	to	target	264	
levels.	 The	 exception	 to	 this	 was	 for	 the	 upper	 montane	 forest,	 where	 samples	 were	265	
collected	 from	 the	0-10	 cm	depth	of	 the	mineral	 soil,	 but	not	 from	 the	organic	 layer.	 The	266	
reason	for	this	is	that	the	mineral	soil	layer	in	the	upper	montane	forest	is	overlain	by	a	thick	267	
organic	horizon	up	to	17	cm	deep,	consisting	of	poorly	decomposed	leaves,	roots,	and	humic	268	
materials;	 very	 akin	 to	 low	 density	 peat	 (Zimmermann	 et	 al.,	 2012;Zimmermann	 et	 al.,	269	
2009a;Zimmermann	et	al.,	2009b).	 In	contrast,	 the	organic	matter	 in	 the	upper	10	cm	soil	270	
10		




Two	 different	 types	 of	 15N-tracers	 (30	 atom	 %)	 were	 applied	 to	 the	 soils	 in	 order	 to	275	
determine	the	proportion	of	N2O	derived	from	nitrate	reduction	and	nitrification	(Bateman	276	










4.2,	 while	 15N-N2	 and	 15N-N2O	 were	 measured	 on	 a	 SerCon	 20:20	 isotope	 ratio	 mass	287	
spectrometer	equipped	with	an	ANCA	TGII	pre-concentration	module	(SerCon	Ltd.,	UK).	The	288	
coefficient	of	variation	(CV;	an	index	of	instrumental	precision)	for	repeated	analysis	of	gas	289	





We	 conducted	 a	 field-based	 litter-fall	 manipulation	 experiment	 to	 test	 for	 the	 effects	 of	295	
variations	in	labile	organic	matter	availability	on	trace	gas	flux.	This	study	took	place	over	a	296	
14-month	 period	 (April	 2012	 to	 June	 2013),	 and	 consisted	 of	 4	 experimental	 treatments	297	
(control,	+50	%	litter	addition,	+100	%	litter	addition,	 litter	removal)	 implemented	across	3	298	
habitats	(premontane	forest,	lower	montane	forest,	upper	montane	forest),	with	6	replicate	299	







Litter-fall	 for	 the	 litter	 addition	 treatments	 was	 collected	monthly	 in	 litter	 baskets	 (n	 =	 3	306	
litter	baskets	per	treatment	plot	for	a	total	of	n	=	18		per	habitat).	These	data	were	also	used	307	
to	determine	 the	background	 rates	of	 leaf	 litter-fall	 among	habitats.	 For	 the	control,	 litter	308	
inputs	simply	reflected	natural	background	litter-fall	rates.	For	the	+50	%	and	+100	%	litter	309	
addition	 treatments,	 background	 litter	 inputs	 were	 supplemented	 with	 additional	 litter	310	
taken	from	the	litter	baskets.	Briefly,	wet	litter	was	weighed	in	the	field	using	portable	scale,	311	
gently	mixed	(homogenized),	and	then	re-distributed	to	the	+50	%	and	+100	%	litter	addition	312	
plots	 in	 amounts	 proportional	 to	 the	 average	 amount	 of	wet	 litter	 that	 fell	 into	 the	 litter	313	
baskets	over	the	course	of	the	month.	As	a	consequence,	the	amount	of	litter	added	in	the	314	
two	litter	addition	treatments	was	not	fixed	but	varied	according	to	the	natural	background	315	





Trace	 gas	 flux	 and	 environmental	 variables	 were	 determined	 at	 7	 time	 points	 over	 the	321	
course	of	the	14-month	experiment	using	the	methods	described	in	section	4.2.	In	addition,	322	
soil	 moisture	 (WFPS	 from	 the	 0-10	 cm	 depth),	 soil	 temperature	 (0-10	 cm	 depth),	 air	323	
temperature,	 soil	 gas	 concentrations	 (O2,	 CH4,	N2O,	 CO2)	 from	 the	 0-10	 cm	 and	 20-30	 cm	324	





To	 quantify	 the	 effect	 of	 NO3-	 availability	 on	 N2O	 flux,	 we	 conducted	 a	 15N-NO3-	 addition	330	
experiment.	 Background	 concentrations	 of	 NO3-	 were	 determined	 prior	 to	 the	 start	 of	331	
experiment	 using	 soil	 subsamples	 (n	 =	 5	 per	 elevation),	 after	 which	 the	 soils	 from	 each	332	
habitat	 were	 divided	 into	 three	 treatment	 groups,	 and	 supplemented	 with	 surplus	 NO3-	333	
which	 raised	 these	 background	 levels	 by	 +50	%,	 +100	%,	 and	 +150	%	 (Table	 2).	 The	NO3-	334	
12		
added	 to	 the	 soil	 in	 each	 of	 the	 treatments	 was	 enriched	 with	 15N	 in	 order	 to	 trace	 the	335	







week	of	arrival.	Transport	 times	 from	Peru	to	 the	UK	varied	between	one	and	two	weeks.	343	
Five	of	these	soil	cores,	one	for	each	replicate,	were	split	into	four	equal	parts	(3	treatment	344	
samples	and	one	control	sample)	and	distributed	into	1	L	screw	top	jars	(Kilner,	UK).	A	small	345	







At	 the	 start	 of	 the	 experiment,	 dissolved	 15N-labelled	 KNO3	 (30	 atom	 %)	 was	 added	353	






stopcock	 to	 allow	 for	 gas	 sampling.	 Gas	 samples	 were	 taken	 with	 gas	 tight	 syringes,	 and	360	
stored	in	pre-evacuated	containers	for	determination	of	15N-N2,	15N-N2O,	N2O,	CO2	and	CH4	361	
content.	 Isotope	 samples	 (150	 ml)	 were	 stored	 in	 100	 mL	 serum	 bottles	 and	 gas	362	
concentration	samples	(20	ml)	were	stored	in	12	ml	Exetainers®	(Labco	Ltd.,	Lampeter,	UK).	363	










Carolina,	 USA)	 or	 R	 (Team,	 2012).	 Residuals	 were	 checked	 for	 heteroscedasticity	 and	373	
homogeneity	 of	 variances.	Where	 necessary,	 the	 data	 were	 transformed	 using	 a	 Box-Cox	374	
procedure	to	meet	the	assumptions	of	analysis	of	variance.		Analysis	of	variance	(ANOVA)	or	375	
Generalized	Linear	Models	were	used	to	evaluate	the	effect	of	categorical	variables	(i.e.	site,	376	
season,	 topography)	on	 trace	 gas	 flux	 and	environmental	 variables.	Analysis	 of	 covariance	377	
(ANCOVA)	was	performed	on	Box-Cox	transformed	data	to	investigate	the	combined	effects	378	
of	categorical	variables	and	environmental	factors	(e.g.	water-filled	pore	space,	soil	oxygen	379	
content,	 air	 temperature,	 soil	 temperature,	 etc.)	 on	 trace	 gas	 flux.	 Non-parametric	 tests	380	
were	 employed	 where	 Box-Cox	 transformation	 was	 unable	 to	 normalize	 the	 data,	381	
homogenize	the	variances,	or	where	the	residuals	still	showed	strong	trends	even	after	Box-382	
Cox	 transformation.	 Means	 comparisons	 were	 performed	 using	 Fisher‘s	 Least	 Significant	383	
Difference	 test	 (Fisher’s	 LSD).	 Statistical	 significance	was	determined	at	 the	P	 <	0.05	 level,	384	








range	 from	 -8.40	 to	75.0	mg	N-N2O	m-2	d-1.	We	 investigated	 the	effect	of	habitat,	 season,	393	
topography,	 and	 the	 interaction	 of	 habitat	 by	 season	 on	 N2O	 flux	 by	 using	 a	 three-way	394	








Among	 habitats,	 the	 overall	 trend	 was	 towards	 the	 highest	 flux	 from	 premontane	 forest	402	
(0.75	±	0.18	mg	N-N2O	m-2	d-1),	followed	by	lower	montane	forest	(0.46	±	0.24	mg	N-N2O	m-2	403	
d-1),	montane	grasslands	(0.07	±	0.08	mg	N-N2O	m-2	d-1),	and	upper	montane	forest	(0.04	±	404	
0.07	 mg	 N-N2O	 m-2	 d-1)	 (Figure	 2a).	 Multiple	 comparisons	 tests	 indicated	 that	 only	405	
premontane	forests	showed	statistically	higher	flux	than	the	others	(Fisher’s	LSD,	P	<	0.05);	406	






was	 because	 only	 lower	 montane	 forest	 showed	 significant	 variability	 between	 seasons	413	
(Fisher’s	 LSD,	 P	 <	 0.05),	 while	 the	 other	 three	 habitats	 did	 not	 show	 significant	 seasonal	414	
differences	in	flux	(Fisher’s	LSD,	P	<	0.05).		415	
	416	
Even	 though	 the	effect	of	 topography	alone	was	not	 statistically	 significant,	N2O	 flux	 from	417	
flat	sites	were	significantly	higher	(0.62	±	0.28	mg	N-N2O	m-2	d-1)	than	from	the	basin	site	(-418	






season	 2013,	 etc.)	 to	 determine	 if	 there	 was	 significant	 inter-annual	 (i.e.	 year-on-year)	425	
variation	 in	 N2O	 flux	 among	 seasons.	 Consistent	 with	 our	 three-way	 ANOVA	 results,	 we	426	
found	that	only	lower	montane	forest	showed	significant	variation	among	multiple	dry	and	427	
wet	seasons,	whereas	the	other	habitats	showed	no	significant	trends.	For	 lower	montane	428	






season	 on	 environmental	 variables	 using	 a	 three-way	 ANOVA	 on	 plot-averaged	 data.	 The	434	
environmental	variables	examined	here	were:	water-filled	pore	space	(WFPS)	in	the	0-10	cm	435	
depth,	 gas-phase	 soil	 oxygen	 content	 in	 the	 0-10	 cm	 depth,	 soil	 temperature,	 air	436	
temperature,	and	resin-extractable	inorganic	N	flux	(NH4+,	NO3-).		437	
	438	
Water-filled	 pore	 space	 varied	 significantly	 as	 a	 function	 of	 habitat,	 season,	 habitat	 by	439	
season,	 and	 topography	 (F10,304	 =	 637.96,	 P	 <	 0.0001;	 Table	 3;	 Figure	 2b;	 Figure	 3;	440	
Supplementary	Online	Materials	Table	S1B).	Habitat	accounted	for	the	largest	proportion	of	441	
variance	in	the	model	(78.1	%),	followed	by	season	(0.6	%),	habitat	by	season	interaction	(0.6	442	
%),	 and	 topography	 (0.4	 %)	 (Supplementary	 Online	 Materials	 Table	 S1B).	 Each	 habitat	443	
differed	significantly	from	the	others	(Fisher’s	LSD,	P	<0.05),	with	the	highest	WFPS	observed	444	
in	montane	grassland	 (88.4	±	0.3	%),	 followed	by	premontane	 forest	 (51.6	±	1.3	%),	 lower	445	
montane	forest	(39.0	±	0.9	%),	and	upper	montane	forest	(35.0	±	1.5	%)	(Figure	2b).	WFPS	446	
varied	significantly	between	seasons	(t-Test,	P	<	0.05),	with	a	mean	dry	season	value	of	52.1	447	
±	 2.4	%	 compared	 to	 a	mean	wet	 season	 value	 of	 59.5	 ±	 1.6	%	 (Table	 3).	 The	 significant	448	
habitat	by	season	interaction	is	due	to	the	fact	that	some	habitats	showed	seasonal	trends	in	449	
WFPS	 whereas	 others	 did	 not.	 Whereas	 lower	 montane	 and	 upper	 montane	 forests	 all	450	
showed	 a	 significant	 reduction	 in	 WFPS	 during	 the	 dry	 season,	 premontane	 forest	 and	451	
montane	 grasslands	 showed	 no	 seasonal	 differences	 in	 WFPS	 (Table	 3,	 Figure	 3).	 For	452	
topography,	the	main	effect	was	that	the	basin	landform	had	significantly	higher	WFPS	than	453	
the	 other	 landforms.	 The	 basin	 landform	 showed	 a	mean	WFPS	 of	 89.3	 ±	 0.1	%	whereas	454	
WFPS	in	other	landforms	ranged	from	51.7	±	2.2	to	57.7	±	2.7	%.	455	
	456	
Soil	 oxygen	 in	 the	 0-10	 cm	 depth	 varied	 significantly	 as	 a	 function	 of	 habitat,	 habitat	 by	457	
season,	and	topography	(F10,242	=	27.70,	P	<	0.0001;	Table	3;	Supplementary	Online	Materials	458	
Table	S1C).	Habitat	accounted	for	the	largest	proportion	of	variance	in	the	model	(66.9	%	of	459	
the	 total	 variance),	 followed	 by	 topography	 (8.4	 %),	 habitat	 by	 season	 (3.5	 %)	460	




each	 other	 (18.6	 ±	 0.2	 to	 19.5	 ±	 0.1	 %;	 Fisher’s	 LSD,	 P	 <	 0.05).	 For	 topography,	multiple	464	
comparisons	 tests	 indicated	 that	 the	 basin	 landform	 showed	 statistically	 lower	 soil	 O2	465	
content	 than	 the	 other	 landforms	 (7.4	 ±	 2.3	 %),	 whereas	 the	 other	 topographic	 features	466	
showed	statistically	similar	values,	ranging	from	16.9	±	0.6	to	18.2	±	0.2	%	(Fisher’s	LSD,	P	<	467	
0.05).	The	significant	habitat	by	season	 interaction	was	due	 to	 the	 fact	 that	only	montane	468	




all	 significant	 (F10,292	 =	 790.7,	 P	 <	 0.0001;	 Supplementary	 Online	 Materials	 Table	 S1D).	473	
Habitat	accounted	 for	 the	 largest	proportion	of	variance	 in	 the	model	 (85.5	%	of	 the	 total	474	
variance),	followed	by	season	(1.4%),	habitat	by	season	interaction	(0.5	%),	and	topography	475	
(0.3	%)	(Supplementary	Online	Materials	Table	S1D).	Each	habitat	differed	significantly	from	476	
the	 others	 (Fisher’s	 LSD,	 P	 <0.05),	 with	 the	 highest	 soil	 temperature	 observed	 for	477	
premontane	forest	(20.5	±	0.1	°C),	followed	by	lower	montane	forest	(17.8	±	0.1	°C),	upper	478	
montane	 forest	 (11.5	 ±	 0.1	 °C),	 and	montane	 grasslands	 (10.6	 ±	 0.2	 °C).	 Soil	 temperature	479	
varied	significantly	between	season	(t-Test,	P	<	0.05),	with	a	mean	dry	season	value	of	13.9	±	480	
0.4	 °C	 compared	 to	 a	mean	wet	 season	 value	 of	 15.1	 ±	 0.3	 °C.	 The	 significant	 habitat	 by	481	
season	interaction	is	due	to	the	fact	that	some	habitats	showed	more	pronounced	seasonal	482	
trends	 in	 soil	 temperature	 than	 others,	 although	 the	 overall	 pattern	 of	 cooler	 dry	 season	483	






For	 air	 temperature,	 only	 the	 effect	 of	 habitat	was	 significant	 (F10,292	 =	 103.2,	P	 <	 0.0001;	490	
Table	3;	Supplementary	Online	Materials	Table	S1E).	A	multiple	comparisons	test	 indicated	491	




and	 montane	 grassland	 (11.7	 ±	 0.3	 °C).	 Other	 variables	 did	 not	 significantly	 affect	 air	495	
temperature.	496	
	497	






of	 habitat,	 topography,	 and	 habitat	 by	 season	 but	 not	 of	 season	 alone	 (F10,164	 =	 39.0,	P	 <	504	
0.0001;	Figure	2c;	Table	3;	Supplementary	Online	Materials	Table	S1G).	Habitat	accounted	505	
for	 the	 largest	 proportion	 of	 the	 variance	 (61.5	 %),	 followed	 by	 topography	 (4.7	 %),	 and	506	
habitat	by	season	(1.9	%).	Premontane	forest	showed	the	highest	NO3-	flux	(22.6	±	2.0	μg	N-507	
NO3	 g	 resin-1	 d-1),	 followed	 by	 lower	 montane	 forest	 (10.0	 ±	 1.2	 μg	 N-NO3	 g	 resin-1	 d-1)	508	
(Fisher’s	LSD,	P	<	0.05;	Figure	2c).	Upper	montane	forest	(1.1	±	0.2	μg	N-NO3	g	resin-1	d-1)	and	509	
montane	grassland	(1.7	±	0.3	μg	N-NO3	g	resin-1	d-1)	showed	significantly	lower	NO3-	flux	than	510	
the	 other	 two	 habitats	 (Fisher’s	 LSD,	 P	 <	 0.05;	 Figure	 2c),	 with	 values	 that	 were	 not	511	




(3.8	 ±	 1.3	 μg	N-NO3	 g	 resin-1	 d-1),	 despite	 the	 lower	mean	 values,	 showed	 an	 overlapping	516	
range	with	 the	other	 landforms	 (Fisher’s	 LSD,	P	 >	0.05).	 The	habitat	by	 season	 interaction	517	













<0.0008),	 and	 resin-extractable	 NO3-	 flux	 (r2=	 0.03,	 P	 <0.03).	Water-filled	 pore	 space	 also	530	
showed	 a	 very	 weak	 negative	 correlation	 with	 N2O	 flux	 at	 the	 borderline	 of	 statistical	531	
significance	(r2=	0.01,	P	<0.06).	532	
	533	
For	 individual	habitats,	we	explored	how	variations	 in	environmental	conditions	 influenced	534	




habitats	 were	 not	 statistically	 significant	 (P	 >	 0.4).	 Lower	 montane	 forest	 was	 the	 only	539	
habitat	that	showed	a	significant	effect	of	season	on	N2O	flux	(section	5.1),	and	our	multiple	540	
regression	 model	 corroborated	 this	 result	 by	 showing	 that	 seasonal	 fluctuations	 in	 air	541	
temperature,	soil	temperature,	WFPS	(Figure	3b),	and	NH4+	all	correlated	with	N2O	flux	(P	<	542	
0.05).	 Air	 temperature	 explained	 the	 largest	 proportion	 of	 variance	 in	 the	 data	 (26.2	 %;	543	




15N-N2O	 and	 15N-N2	 fluxes	 showed	 a	 biphasic	 response	 (Limmer	 and	 Steele,	 1982),	 with	548	





The	 15N	 flux	 data	 indicates	 that	 nitrate	 reduction	 (i.e.	 denitrification)	 was	 the	 dominant	554	
source	of	N2O	from	these	soils,	while	nitrification	was	only	a	minor	contributor	to	15N-N2O	555	
production	(Supplementary	Online	Materials	Figure	S1).	The	15N-N2O	and	15N-N2	fluxes	were	556	




15N-label	 added	 (i.e.	 15N-NH415N-NO3	or	 14N-NH415N-NO3)	did	 not	 significantly	 alter	 15N-N2O	560	
flux,	 indicating	 that	 production	 of	 15N-N2O	 from	 nitrification	 was	 weak	 to	 negligible	561	
(Supplementary	Online	Materials	Figure	S1).	 In	order	to	simplify	our	statistical	analyses,	all	562	
subsequent	analyses	were	performed	using	only	habitat,	moisture	 level,	 incubation	phase,	563	
and	 their	 interaction	 terms	as	 independent	variables.	 For	 these	 tests,	which	are	described	564	





with	 habitat,	 moisture	 level,	 incubation	 phase,	 and	 all	 their	 interactions	 as	 independent	570	
variables.	 We	 found	 that	 moisture	 level,	 habitat	 by	 incubation	 phase,	 and	 habitat	 by	571	
moisture	by	 incubation	phase	were	 significantly	 related	 to	 15N-N2O	 flux	 	 (ANOVA,	F31,	321	=	572	
3.06,	P	<	0.0001;	 Figure	4;	 Supplementary	Online	Materials	 Table	S2A).	Of	 the	 three	main	573	
factors	 (i.e.	 habitat,	 moisture	 level,	 incubation	 phase),	 moisture	 level	 was	 the	 dominant	574	
control	 on	 15N-N2O	 flux	 (Supplementary	Online	Materials	 Table	 S2A).	 The	 highest	 15N-N2O	575	
flux	was	observed	in	the	90	%	WFPS	(42	±	9	ng	N2O-15N	g-1	d-1)	and	50	%	WFPS	(29	±	10	ng	576	
N2O-15N	g-1	d-1)	treatments,	and	the	lowest	flux	in	the	30	%	(3	±	1	ng	N2O-15N	g-1	d-1)	and	70	577	
%	 (7	 ±	 2	 ng	 N2O-15N	 g-1	 d-1)	treatments	 (Fisher’s	 LSD,	 P	 <	 0.05;	 Figure	 4).	 The	 habitat	 by	578	
incubation	phase	interaction	indicated	that	some	habitats	showed	different	flux	rates	during	579	
early	 and	 late	phases	of	 the	 incubation	 (Figure	4).	 Premontane	and	 lower	montane	 forest	580	





t-Test,	P	<	0.02).	 The	habitat	by	moisture	by	 incubation	phase	effect	 stems	 from	complex	586	











ng	N2-15N	g-1	d-1);	premontane	 forest	and	upper	montane	 forest	mineral	 layer	 soil	 showed	597	
intermediate	 levels	 of	 flux	 (326	 ±	 53	 and	 171	 ±	 20	 ng	 N2-15N	 g-1	 d-1,	 respectively);	 and	598	
montane	grassland	soil	showed	the	lowest	flux	(123	±	23	ng	N2O-15N	g-1	d-1)	(Fisher’s	LSD,	P	<	599	












131	 and	 492	 ±	 79	 ng	 N2-15N	 g-1	 d-1,	 respectively)	 (Fisher’s	 LSD,	P	 <	0.05).	 The	 pattern	 for	612	
montane	 grassland	 was	 different	 again;	 here,	 only	 the	 90	 %	 WFPS	 treatment	 showed	613	





moisture	 level,	 incubation	 phase,	 and	 all	 their	 interactions	 as	 independent	 variables.	We	619	
found	that	habitat,	moisture	 level,	habitat	by	moisture	 level,	habitat	by	phase,	and	habitat	620	




highest	 for	 the	montane	 grassland	 (0.61	 ±	 0.06),	 lowest	 for	 lower	montane	 forest	 (0.19	 ±	624	
0.04),	while	premontane	forest	and	upper	montane	forest	mineral	layer	soil	showed	similar	625	
intermediate	 values	 (0.40	 ±	 0.05	 and	 0.42	 ±	 0.05,	 respectively)	 (Fisher’s	 LSD,	 P	 <	 0.05).	626	





showed	 differences	 in	 N2O	 yield	 with	 changes	 in	 moisture	 level.	 For	 the	 lower	 montane	632	
forest,	N2O	yield	was	greatest	in	the	70	%	WFPS	treatment	(0.51	±	0.11),	whereas	the	other	633	
treatments	 were	 not	 statistically	 different	 from	 each	 other	 (pooled	 average:	 0.09	 ±	 0.03)	634	
(Fisher’s	 LSD,	P	<	 0.05).	Upper	montane	 forest	mineral	 layer	 soil	 showed	 the	 highest	N2O	635	
yield	for	the	90	%	treatment	(0.72	±	0.08),	lowest	yield	for	the	30	%	WFPS	treatment	(0.20	±	636	
0.09),	and	 intermediate	N2O	yields	 for	the	50	and	70	%	WFPS	treatments	(0.29	±	0.09	and	637	
0.50	 ±	 0.11,	 respectively)	 (Fisher’s	 LSD,	 P	 <	 0.05).	 For	 the	 habitat	 by	 incubation	 phase	638	
interaction,	 this	 reflects	 the	 fact	 that	upper	montane	 forest	mineral	 layer	 soil	 	 showed	an	639	
increase	in	N2O	yield	from	early	to	late	phase,	while	montane	grassland	showed	a	decrease	640	
in	 N2O	 yield	 from	 early	 to	 late	 phase.	 The	 habitat	 by	moisture	 level	 by	 incubation	 phase	641	





a	Generalized	Linear	Model	 (GLM)	and	an	ANCOVA	that	 included	habitat,	 litter	 treatment,	647	
season,	WFPS,	litter	input	rate,	litter	C	input	rate,	litter	N	input	rate,	soil	temperature	and	air	648	
temperature	 as	 independent	 variables.	 The	 analysis	 was	 also	 repeated	 using	 ANCOVA	 on	649	
Box-Cox	 transformed	 data.	 Both	 analyses	 revealed	 no	 significant	 statistical	 relationship	650	
between	 N2O	 flux	 and	 any	 of	 these	 environmental	 variables,	 with	 the	 exception	 of	 soil	651	
temperature,	which	showed	only	a	weak	positive	relationship	to	N2O	flux	when	the	data	was	652	






15N-N2O	 and	 15N-N2	 fluxes	 showed	 a	 biphasic	 response	 (Limmer	 and	 Steele,	 1982),	 with	658	
significantly	 different	 flux	 rates	 in	 the	 first	 24	 hours	 of	 incubation	 compared	 to	 the	 later	659	





habitat,	N	addition	 level,	 incubation	phase,	 and	all	 their	 interaction	 terms	as	 independent	665	
variables.	 Habitat,	 incubation	 phase,	 and	 the	 habitat	 by	 incubation	 phase	 interaction	 all	666	
significantly	 influenced	 15N-N2O	 flux	 (ANOVA,	 F29,	 149	 =	 5.67,	 P	 <	 0.0001;	 Figure	 5;	667	
Supplementary	Online	Materials	 Table	 S3A).	Notably,	N	 addition	 level	 did	 not	 significantly	668	
influence	 15N-N2O	 flux.	Of	 the	 three	main	 factors	 (i.e.	habitat,	N	addition	 level,	 incubation	669	
phase),	habitat	was	the	best	predictor	of	15N-N2O	flux,	explaining	a	largest	proportion	of	the	670	
variance	 (Supplementary	Online	Materials	Table	S3A).	Upper	montane	 forest	organic	 layer	671	
soils	 showed	 the	highest	 flux	 (238	±	160	ng	N2O-15N	g-1	 d-1),	 lower	montane	 (179	±	48	ng	672	
N2O-15N	g-1	d-1)	and	premontane	(86	±	16	ng	N2O-15N	g-1	d-1)	forest	showed	intermediate	flux,	673	
while	montane	grasslands	(11	±	4	ng	N2O-15N	g-1	d-1)	and	upper	montane	forest	mineral	layer	674	
soils	 (0.06	 ±	 0.01	 ng	N2O-15N	 g-1	 d-1)	 showed	 the	 lowest	 flux	 (Fisher’s	 LSD,	P	<	 0.05).	 The	675	
effect	of	 incubation	phase	was	attributable	 to	 significantly	greater	 15N-N2O	 flux	during	 the	676	
late	compared	to	early	incubation	phases	(164	±	66	ng	N2O-15N	g-1	d-1	versus	42	±	11	ng	N2O-677	
15N	g-1	d-1;	t-Test,	P	<	0.05;	Figure	5).	The	habitat	by	incubation	phase	interaction	was	caused	678	
by	 some	habitats	 showing	 higher	 flux	 in	 certain	 incubation	 phases	 than	 others	 (Figure	 5).	679	








habitat,	N	addition	 level,	 incubation	phase,	 and	all	 their	 interaction	 terms	as	 independent	687	
variables.	Only	 habitat	 significantly	 influenced	 flux,	while	 other	 terms	were	not	 significant	688	
(ANOVA,	F29,	149	=	1.66,	P	<	0.05;	Figure	5;	Supplementary	Online	Materials	Table	S3B).	Lower	689	
montane	and	upper	montane	forest	organic	 layer	soils	showed	the	highest	flux	(472	±	139	690	





N	addition	 level,	 incubation	phase	 (i.e.	early	versus	 late),	and	all	 their	 interaction	terms	as	696	







Nitrous	oxide	 flux	 in	 the	Kosñipata	Valley	 showed	weak	 seasonality,	with	greater	N2O	 flux	704	
during	the	dry	season	compared	to	the	wet	season.	This	regional	trend	was	consistent	with	705	




(Table	 3),	 in	 accordance	 with	 observations	 from	 elsewhere	 in	 the	 Andes	 (Baldos	 et	 al.,	710	
2015;Müller	 et	 al.,	 2015;Wolf	 et	 al.,	 2011).	 For	 example,	 while	 soil	 moisture	 (i.e.	 WFPS)	711	
varied	 significantly	 between	 seasons	 in	 the	dataset	 as	 a	whole,	 the	 absolute	difference	 in	712	
WFPS	between	dry	season	and	wet	season	were	relatively	small	 (i.e.	7.4	%).	 Indeed,	some	713	





One	 critical	 factor	 contributing	 to	 these	 weak	 seasonal	 trends	 in	 N2O	 flux	 is	 the	 atypical	718	




moisture	 manipulation	 experiments,	 nitrification	 made	 a	 minor	 contribution	 to	 N2O	723	
production,	 irrespective	 of	 soil	 moisture	 content	 (Supplementary	 Online	 Materials	 Figure	724	
S1).	 This	 finding	 is	 contrary	 to	 theoretical	 predictions	 of	 N2O	 production	 by	 ammonia-725	
oxidizing	bacteria	(AOB),	where	N2O	production	from	ammonia-oxidation	is	thought	to	make	726	
an	 important	contribution	 to	N2O	 flux	at	 lower	 soil	moisture	contents	 (i.e.	30-60	%	WFPS)	727	
(Firestone	and	Davidson,	1989;Firestone	et	al.,	1980;Weier	et	al.,	1993;Davidson,	1991).	At	728	
higher	soil	moisture	contents	(i.e.	>60	%	WFPS),	N2O	flux	showed	a	non-linear	response	to	729	
increasing	 WFPS,	 with	 two	 distinct	 peaks	 in	 N2O	 flux	 at	 90	 and	 50	 %	 WFPS	 (Figure	 4).	730	




to	 the	 complex	 interplay	 between	 environmental	 conditions	 and	 the	 microbial	 processes	735	
that	produce	N2O	in	soil	(i.e.	ammonia	oxidation	by	archaea,	ammonia	oxidation	by	bacteria,	736	
denitrification,	dissimilatory	nitrate	reduction	to	ammonium).	We	suspect	that	the	action	of	737	
lesser-known	 microbial	 processes,	 such	 as	 oxidation	 of	 ammonia	 by	 archaea	 and	738	




30-60	%	WFPS)	and	the	 latter	at	higher	soil	moisture	content	 (i.e.	>60	%	WFPS)	 (Firestone	743	
and	Davidson,	1989;Firestone	et	al.,	1980;Weier	et	al.,	1993;Davidson,	1991).	More	recent	744	
advances	 in	 soil	N	 research,	 however,	 have	highlighted	 the	 importance	of	 other	microbial	745	
taxa	 or	 processes,	 not	 previously	 considered	 in	 conceptual	 or	 process-based	models.	 For	746	
example,	 recent	 work	 in	 acidic	 soils	 have	 demonstrated	 that	 ammonia	 oxidizing	 archaea	747	
(AOA)	play	a	more	important	role	than	AOB	in	ammonia	oxidation,	but	produce	significantly	748	
less	 N2O	 due	 to	 differences	 in	 metabolism	 (Hink	 et	 al.,	 2016;Prosser	 and	 Nicol,	 2008).	749	
25		
Likewise,	 under	 higher	 soil	 moisture	 conditions	 (>60	 %	 WFPS),	 DNRA	 –	 a	 process	 that	750	
produces	substantially	 less	N2O	than	denitrification	and	which	also	competes	for	NO3-	with	751	
denitrification	 –	 can	 dominate	 nitrate	 reduction,	 depending	 on	 redox	 conditions	 and	 the	752	




in	 the	30	and	50	%	WFPS	 treatments.	As	 soils	 become	wetter,	 the	non-linear	 response	of	757	
N2O	 flux	 to	 increasing	 soil	 moisture	 may	 reflect	 competition	 for	 substrates	 (e.g.	 NO3-,	758	
reducing	equivalents)	between	DNRA	and	denitrification	 (Morley	and	Baggs,	2010;Silver	et	759	




moisture	 content	 are	 thought	 to	 be	 one	 of	 the	 dominant	 drivers	 for	 N2O	 flux	 in	 the	764	
seasonally	 dry	 tropics	 (Davidson,	 1991;Firestone	 and	 Davidson,	 1989;Groffman	 et	 al.,	765	
2009;Davidson	and	Verchot,	2000;Teh	et	al.,	2014;van	Lent	et	al.,	2015;Werner	et	al.,	2007).	766	
Moreover,	 similar	 results	 from	 comparable	 research	 sites	 in	 the	 Ecuadorian	 Andes	 lend	767	
credence	 to	our	 claims	 (Baldos	et	al.,	2015;Müller	et	al.,	2015).	 For	example,	Müller	et	al.	768	




for	 NO3-	 in	 Peruvian	 soils	 (Baldos	 et	 al.,	 2015;Müller	 et	 al.,	 2015).	 Existing	 process-based	773	
models,	 which	 are	 used	 to	 construct	 bottom-up	 emissions	 inventories	 for	 the	 tropics	774	
(Werner	 et	 al.,	 2007),	 often	 assume	 that	 N2O	 is	 derived	 primarily	 from	 AOB	 and	775	
denitrification,	with	moisture	response	curves	based	on	existing	theoretical	relationships	(Li	776	
et	al.,	2000;Werner	et	al.,	2007;Smith	et	al.,	2007).	However,	if	these	more	“normative”	soil	777	
moisture	 response	 curves	 are	 inapplicable	 to	 montane	 tropical	 ecosystems,	 due	 to	 the	778	
activity	 of	 AOA	 and	 DNRA,	 then	 a	 re-conceptualisation	 of	 the	 soil	 moisture-N2O	 flux	779	
relationship	may	be	 required.	Moreover,	 if	weak	 seasonality	or	 aseasonality	 in	N2O	 flux	 is	780	
the	norm	in	Andean	ecosystems	(Müller	et	al.,	2015;Wolf	et	al.,	2011),	then	this	finding	may	781	
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not	C	 limited.	This	 latter	 result	 is	significant	 for	modelling	and	extrapolating	N2O	flux	 from	792	
these	habitats,	because	many	process-based	models	assume	that	N	cycling	and	turnover	of	793	






flux,	 with	 premontane	 forest	 showing	 significantly	 greater	 flux	 than	 the	 other	 habitats	800	
elevation	(Table	3,	Figure	2a).	This	 inverse	trend	was	also	reflected	in	the	resin-extractable	801	
NO3-	 flux	 measured	 in	 the	 field	 and	 the	 15N-N2O	 flux	 measured	 in	 the	 NO3-	 addition	802	
experiment	 in	 the	 laboratory	 (Figure	 2c,	 5a).	 Furthermore,	 the	 behaviour	 of	 the	 15N-NO3-		803	
amended	 soils	 during	 the	early	 (≤24	hours)	 and	 late	 (>24	hours)	 phases	of	 the	 incubation	804	
experiment	 suggest	 that	 soils	 from	 more	 N-poor	 habitats	 (i.e.	 those	 with	 lower	 rates	 of	805	
resin-extractable	NO3-	flux;	Table	3,	Figure	2c)	showed	a	greater	proportional	increase	in	15N-806	
N2O	 flux	 following	NO3-	addition	 than	N-rich	habitats	 (i.e.	 those	with	higher	 rates	of	 resin-807	
extractable	NO3-	flux;	Table	3,	Figure	2c),	suggesting	that	15N-N2O	flux	was	more	NO3-		limited	808	
in	 N-poor	 soils	 (Figure	 5).	 Soils	 from	 the	 upper	 montane	 forest	 organic	 layer,	 montane	809	
grasslands,	and	upper	montane	forest	mineral	layer	showed	the	lowest	15N-N2O	flux	during	810	
the	early	phase	of	soil	 incubation,	but	the	greatest	proportional	 increase	 in	flux	during	the	811	
late	phase	of	soil	incubation,	rising	by	a	factor	of	59,	five,	and	two,	respectively.	In	contrast,	812	
lower	montane	and	premontane	 forest	 soils	 showed	 the	 smallest	 proportional	 increase	 in	813	
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alter	N2O	 yield	 during	 the	 early	 phase	 (<24	 hours)	 of	 the	NO3-	 addition	 experiment,	 even	821	
though	we	did	observe	that	15N-N2O	flux	did	 increase	during	the	 late	phase	(>24	hours)	of	822	
the	 experiments	 (please	 see	 Figure	 5	 and	 discussion	 in	 the	 preceding	 paragraph).	 Rather,	823	
ANCOVA	 suggests	 that	 15N-N2O	 and	 15N-N2	 fluxes	 in	 the	 early	 phase	 of	 the	 NO3-	 addition	824	





that	 nitrate-reducing	 microbes	 in	 these	 soils	 may	 have	 a	 relatively	 low	 half-saturation	830	
constant	(Km)	for	NO3-,	and	effectively	utilize	NO3-	whenever	concentrations	increase	above	831	
baseline	(i.e.	non-limiting)	levels	(Holtan-Hartwig	et	al.,	2000).	As	a	consequence,	we	may	be	832	
unable	 to	 differentiate	 among	 NO3-	 treatments	 in	 the	 early	 phase	 of	 the	 experiment,	833	
because	 the	amount	of	NO3-	 added	exceeded	 the	Km	 for	 these	 soils.	 This	 finding	 is	 also	 in	834	
agreement	 with	 results	 from	 long-term	 N	 fertilization	 studies,	 which	 suggest	 that	835	
substantive	shifts	in	N2O	flux	are	only	likely	to	occur	after	prolonged	exposure	to	high	levels	836	















exercise	 to	more	 fully	account	 for	 these	 two	sources	of	variation	 (Table	4).	Using	 the	N2O	851	
yield	data	from	the	laboratory	tracer	experiments,	we	also	estimated	the	annual	N2	flux	and	852	
total	gaseous	N	flux,	in	order	compare	rates	of		gaseous	N	export	from	this	region	with	other	853	
forested	 ecosystems	 (Fang	 et	 al.,	 2015;Russell	 and	 Raich,	 2012;Tietema	 and	 Verstraten,	854	





To	 briefly	 summarize	 our	 methodology,	 our	 first	 step	 was	 to	 use	 published	 surface	 area	860	
estimates	for	the	different	habitats	in	the	Kosñipata	Valley	to	derive	areal	fractions	for	each	861	
habitat	 (Feeley	 and	 Silman,	 2010)	 (Table	 4).	Next,	we	multiplied	 the	 unweighted	 seasonal	862	
mean	 flux	 by	 the	 areal	 fraction	 for	 each	 habitat	 to	 derive	 area-weighted	 seasonal	 flux	863	
estimates	 (Table	 4).	 We	 subsequently	 multiplied	 the	 area-weighted	 seasonal	 flux	 by	 the	864	
fraction	of	 the	year	accounted	 for	by	either	season,	 in	order	 to	produce	an	area-weighted	865	
and	seasonally-weighted	annual	flux	estimate	for	each	habitat	(Table	4).	The	final	step	of	this	866	




use	 mean	 N2O	 yields	 for	 each	 habitat,	 rather	 than	 estimating	 N2O	 yield	 based	 on	 soil	871	
moisture	 content,	 because	 ANCOVA	 indicated	 that	 habitat	 was	 a	 better	 predictor	 of	 N2O	872	
yield	than	soil	moisture,	explaining	a	substantially	greater	proportion	of	the	variance	(i.e.	10	873	

















al.,	 2012),	 further	 supporting	 claims	 that	Andean	 ecosystems	 are	 relatively	N	 limited,	 and	890	





Process-based	 studies	 of	 N2O	 flux	 from	 montane	 tropical	 ecosystems	 in	 the	 southern	896	
Peruvian	 Andes	 affirms	 prior	 research	 suggesting	 that	 these	 ecosystems	 are	 potentially	897	




than	 habitats	 with	 lower	 N	 availability	 (i.e.	 upper	 montane	 forest,	 montane	 grassland).	902	
Nitrous	oxide	flux	originated	primarily	from	nitrate	reduction	rather	than	from	nitrification,	903	




among	 the	 other	 montane	 habitats	 probably	 stems	 from	 relatively	 modest	 seasonal	908	
variation	in	key	environmental	drivers	(e.g.	temperature,	WFPS,	NO3-),	combined	with	a	soil	909	
30		
moisture	 response	 that	 was	 complex	 and	 non-linear.	 Nitrous	 oxide	 flux	 was	 significantly	910	
influenced	by	soil	moisture	content,	but	the	trends	in	N2O	production	and	flux	diverged	from	911	
theoretical	norms.	 For	example,	we	 saw	 little	evidence	of	N2O	production	 from	ammonia-912	
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90	%	WFPS	 treatment	are	 shown	 in	dark-grey,	while	data	 from	 the	70	%,	50	%,	and	30	%	1221	
WFPS	treatments	are	shown	in	mid-grey,	light-grey,	and	white,	respectively.	The	bar	charts	1222	
show	means	and	standard	errors.	1223	
	1224	
	 	1225	
47		
Figure	5.	(a)	15N-N2O	flux	and	(b)	15N-N2	flux	during	the	early	(≤24	hours)	and	late	(>24	hours)	1226	
incubation	phases	of	the	NO3-	addition	experiment.	Results	from	the	+50	%	NO3-	addition	are	1227	
shown	in	dark-grey,	while	data	from	the	+100	%	and	+150	%	treatments	are	shown	in	mid-1228	
grey	and	light-grey,	respectively.	The	bar	charts	show	means	and	standard	errors.	1229	
	1230	
